The circadian clock influences a number of cardiovascular (patho)physiological processes including the incidence of acute myocardial infarction. A circadian variation in infarct size has recently been shown in rodents, but there is no clinical evidence of this finding. Objective To determine the impact of time-of-day onset of ST segment elevation myocardial infarction (STEMI) on infarct size. Methods A retrospective single-centre analysis of 811 patients with STEMI admitted between 2003 and 2009 was performed. Infarct size was estimated by peak enzyme release. The relationship between peak enzyme concentrations and time-of-day were characterised using multivariate regression splines. Time of STEMI onset was divided into four 6-hour periods in phase with circadian rhythms. Results Model comparisons based on likelihood ratio tests showed a circadian variation in infarct size across time-of-day as evaluated by peak creatine kinase (CK) and troponin-I (TnI) concentrations (p¼0.015 and p¼0.012, respectively). CK and TnI curves described similar patterns across time, with a global maximum in the 6:00enoon period and a local minimum in the noone18:00 period. Infarct size was largest in patients with STEMI onset in the dark-to-light transition period (6:00enoon), with an increase in peak CK and TnI concentrations of 18.3% (p¼0.031) and 24.6% (p¼0.033), respectively, compared with onset of STEMI in the 18:00emidnight period. Patients with anterior wall STEMI also had significantly larger infarcts than those with STEMI in other locations. Conclusions Significant circadian oscillations in infarct size were found in patients according to time-of-day of STEMI onset. The infarct size was found to be significantly larger with STEMI onset in the dark-to-light transition period (6:00enoon). If confirmed, these results may have a significant impact on the interpretation of clinical trials of cardioprotective strategies in STEMI.
INTRODUCTION
It is well established that the circadian rhythm influences cardiovascular system physiology, inducing diurnal variations of blood pressure, heart rate, cardiac output and endothelial function among other physiological parameters. 1 It is also known that the incidence of different pathological cardiovascular events (such as myocardial infarction (MI), sudden cardiac death, arrhythmias) exhibits a marked time-of-day dependence in humans, with higher incidences around the sleep-to-wake transition period. 2 Although the intrinsic mechanisms of these phenomena remain uncertain, it has been speculated that the association between cardiovascular events and circadian variation could be ascribed to extracardiac factors such as oscillations in epinephrine and cortisol levels, prothrombotic factors, platelet aggregation and coronary arterial flow, among others. 3 More recently it has been shown that a molecular mechanism intrinsic to the cardiomyocyte such as the circadian clock might contribute to cardiovascular disease. 4 Epidemiological studies have consistently shown that the onset of an acute myocardial infarction (AMI) significantly varies throughout the day, with an obvious peak incidence in the dark-to-light transition period (ie, early morning hours). 5 6 Conversely, the effect of the time of AMI onset on the final infarct size has not been systematically explored. In mammalian hearts during an AMI there is activation of an intrinsic defence mechanism encompassed by several protein pathways. 7 8 The survival of ischaemic myocytes (cardioprotection) depends to some extent on the degree of activation of these salvage pathways. Preclinical studies have shown that the expression of some proteins from these survival pathways has a robust circadian oscillation. 9 It is therefore plausible that circadian fluctuations of such myocardial salvage mechanisms might result in variation in the tolerance of the heart to ischaemia/reperfusion (I/R).
It has recently been shown for the first time that there is an association between time-of-day and intrinsic cardioprotection in mice subjected to experimental AMI. 10 This variation in the spontaneous tolerance to I/R was regulated by the cardiomyocyte circadian clock and mediated by specific survival kinases. It is unknown whether such an innate time-dependent cardioprotection also affects larger species. Circadian variation in human cardioprotection during an AMI might have important clinical implications.
The aim of this study was to determine the impact of time-of-day of AMI onset on infarct size in patients with ST segment elevation myocardial infarction (STEMI). our database and analysed post hoc as a proof-of-concept examination.
METHODS

Study population and variables analysed
The time of AMI onset was carefully collected at admission to the hospital. Clinical characteristics such as Killip class, left ventricular ejection fraction (LVEF, evaluated by two-dimensional echocardiography), infarct location and cardiovascular outcomes were obtained during admission. Treatment of patients during admission was performed according to current clinical guidelines.
Definitions
STEMI was defined following current clinical practice guidelines: typical chest pain of $30 min and significant ST segment elevation ($0.1 mV or $0.2 mV on $2 adjacent limb or precordial leads, respectively, or new left bundle-branch block) and confirmed by a rise in biomarkers. Infarct location was based on the culprit coronary artery. STEMI location was divided into anterior wall (left anterior descending coronary artery system occlusion) or any other location (left circumflex or right coronary artery systems). Time of onset of symptoms was obtained from the Coronary Care Unit medical history where this parameter is systematically recorded. The primary endpoint of the study was myocardial infarct size, which was defined according to peak creatine kinase (CK) and troponin I (TnI) levels. 11 Cardiac enzyme levels were measured on admission and then every 4 h until a fall in both enzymes occurred. This methodology of peak enzyme determination is performed in all patients admitted to our Coronary Care Unit. CK determination was performed using the CK-Nac quantitative in vitro photometric reagent. The measurement of TnI was performed in all patients using the same commercial available kit (enzyme immunoanalysis).
Time-of-day of STEMI onset was first divided into four 6-hour periods according to previous studies 2 10 12e14 : (period 1: midnighte6:00 h; period 2: 6:00enoon (dark-to-light transition); period 3: noone18:00 h; period 4: 18:00emidnight). The shape of the relationship between peak enzyme concentrations and time-of-day was analysed by multivariate regression splines. In an additional analysis, daytime was divided into two periods: dark-to-light transition period (6:00enoon) and other times of day (noone6:00 h), in agreement with previous studies analysing the effect of circadian rhythm on the incidence of AMI. 13 14 All results were studied in accordance with current data protection laws and following the ethical principles of the Declaration of Helsinki.
Statistical analysis
All the statistical analyses were performed using the open-source statistical scripting language R Version 2.11.0 (R Development Core Team).
The distributions of peak CK and TnI levels were positively skewed so a logarithmic transformation was used to make the data more symmetrical and homoscedastic. As a consequence, the CK and TnI concentrations were expressed in terms of geometric means (which are the anti-logarithm values of the mean of the logged data) and 95% CI.
The trajectories of the peak enzyme concentrations across time have been characterised using multivariate regression splines. The spline covariates matrix used in the linear model was obtained using three cubic B-spline basis functions. The significance of the spline curves used in the study were determined by likelihood ratio tests (LRT), comparing nested multivariate linear models that only differed in the introduction of the spline time covariates. The order of the spline function (number of coefficients in each piecewise polynomial segment) and the position of the knots used to define the regression spline models corresponded to the best fitting model selected from a set of competing models fitted for different spline orders and vector of knots.
Peak CK and TnI concentration-adjusted differences comparing patients with STEMI onset at dark-to-light transition (6:00enoon) with the rest of the day were obtained using multivariate linear models. Owing to the log transformation of the outcome variables, the differences between peak enzyme concentrations were expressed in terms of geometric mean ratios.
All multivariate linear models were adjusted for potential confounder factors such as diabetes mellitus, previous treatment with b blockers and ACE inhibitors, history of hypertension, AMI wall location, type of revascularisation, weekday/weekend period and year season of STEMI onset. Standard diagnostic checks on the residuals from the fitted models showed no evidence of any failure of the assumption of normality and homogeneity of the residual variance.
The remaining continuous variables used in the analysis were expressed as mean6SEM and categorical data as a percentage.
The c 2 test was used for categorical comparisons of data. Differences in the means of continuous measurements were tested by either the Student t test or ANOVA. A p value of <0.05 (two-tailed) was considered significantly different.
RESULTS
A total of 950 consecutive patients with STEMI were admitted to the Coronary Care Unit between March 2003 and September 2009. In order to avoid potential bias, patients with a previous history of MI and those who were not revascularised by any means were systematically excluded from the analysis; 811 patients comprised the study population (causes for exclusion from the analysis in are shown in figure 1 in the online supplement).
Clinical variables from patients by the four 6-hour periods previously defined are shown in table 1. The incidence of onset of AMI was significantly higher in the dark-to-light transition than in the other three groups (figure 1). Patients from the different time periods were balanced for all classical risk factors except hypertension which was significantly more frequent in patients from period 2 (6:00enoon). Anterior wall AMI was significantly more frequent in patients from periods 1 and 2 (midnightenoon), and time of ischaemia was significantly longer in period 1 (midnighte6:00 h) than in the other three time periods. Primary percutaneous coronary intervention (PCI) was consistently used more frequently as the form of revascularisation among all groups, although patients having an AMI in period 1 (midnighte6:00 h) were significantly more likely to undergo PCI than the other groups (89% of patients in period 1 had PCI compared with 77%, 77% and 76% in the other three groups). There were no differences between groups in the rate of rescue PCI in patients revascularised by fibrinolysis. Time from reperfusion to peak rise in enzymes was similar in all four groups of patients (see figure 2 in online supplement).
LVEF was significantly lower in patients from periods 1 and 2 (midnightenoon) than in the other groups. Heart failure (Killip class $2 during hospitalisation) was more frequent in period 2 (dark-to-light transition) than at any other time of the day (table 1) .
To explore the relationship between peak enzyme concentrations and time, multivariate regression splines were used. The spline curves included in the linear model were significant for both CK (LRT: c 2 ¼10.4, df¼3, p¼0.015) and TnI (LRT: c 2 ¼10.9, df¼3, p¼0.012). The estimated curves for CK and TnI peaks showed parallel trajectories with a global maximum between 6:00 h and noon and a local minimum between noon and 18:00, as shown in figures 2 and 3. For the variables used as potential confounders in the multivariate spline regression model, the localisation of the infarction (anterior wall location) showed a significant association with peak CK and TnI concentrations. A history of hypertension was inversely associated with CK peak concentration. Similarly, STEMI onset at weekends was associated with higher peak levels of CK than STEMI onset on weekdays. Neither a history of hypertension nor onset of STEMI at weekends was significantly associated with TnI levels. The F p values for partial sum of squares for all the confounders used in the multivariate analysis are shown in table 2 for both enzymes.
To further support the hypothesis that infarct size might be greater in the dark-to-light transition period (6:00enoon) as suggested by the estimated curves (figures 2 and 3), we compared the CK and TnI peak concentration-adjusted differences of patients with STEMI onset in the dark-to-light transition (6:00enoon) with those in the other time periods pooled together using multivariate regression analysis. This type of comparison (single period vs rest of the day) has been previously performed as a secondary analysis in different circadian evaluations by different authors. 13 14 Table 3 summarises the demographic baseline characteristics for patients classified according to these two categories and shows that patients in the 6:00enoon period presented significantly more frequently with hypertension and diabetes mellitus. In addition, there was a trend (p¼0.066) towards more frequent anterior wall location of AMI in patients in the dark-to-light transition. The time of ischaemia and the revascularisation technique used (thrombolysis or PCI) were not statistically different in the two groups of patients.
LVEF was significantly lower in patients in the dark-to-light transition group than in the other group (49.961 vs 51.661, p¼0.037). Consequently, the rate of patients with heart failure was higher in patients with AMI onset in the 6:00enoon period (34.6% vs 26.9%, p¼0.024). The estimated adjusted differences obtained in the multivariate regression analysis showed that peak CK and TnI concentrations in patients with STEMI onset in the 6:00enoon period were 18.3% (p¼0.031) and 24.6% (p¼0.033) higher, respectively, than in those with STEMI onset at any other time of the day.
DISCUSSION
Cardiovascular physiology is significantly modulated by the circadian rhythm. It is well recognised that there are circadian oscillations in blood pressure, heart rate, cardiac output, myogenic tone, endothelial function and circulating levels of humoral factors. 1 15 Data from epidemiological studies have shown that pathological states are also influenced by circadian fluctuations; previous reports have consistently found an increased incidence of AMI, sudden cardiac death, ventricular malignant arrhythmias, cardiogenic shock, stroke, acute aortic dissection and abdominal aortic aneurysm rupture during the early morning hours.
2 16e19 In addition to the incidence of AMI, the effectiveness of thrombolytic therapy is also dependent on circadian time-of-day. 20 Despite strong evidence for the time-ofday dependence of AMI incidence, which is higher in the sleepto-wake transition period, it is not known whether there are circadian oscillations in the human tolerance to I/R.
In this study we have retrospectively analysed the effect of the time-of-day onset of AMI on final infarct size in a singlecentre population of consecutive patients with first STEMI. The main findings of the study are: (1) there are significant circadian oscillations in infarct size in patients according to time-of-day of STEMI onset; and (2) onset of AMI in the dark-to-light transition period (6:00enoon) is associated with significantly larger MIs as evaluated by peak rise in enzyme concentrations. These associations were adjusted for clinical variables that could act as potential confounders. To the best of our knowledge, this is the first report of the impact of time-of-day of STEMI onset on infarct size. This could represent a variance in the tolerance to I/R (or spontaneous cardioprotection) according to time-of-day in humans with STEMI.
Numerous studies have evaluated the impact of time-of-day on the incidence of AMI. The interval limits chosen for circadian variation analyses have systematically been midnight, 6:00 h, noon and 18:00 h. 2 10 12e14 In this study we first studied the demographic data of the population according to these established intervals and then analysed the relationship between peak enzyme concentrations and time by multivariate regression splines. The curves of peak enzyme concentrations further supported the choice of these time intervals (see figures 2 and 3).
Cohen et al performed a meta-analysis of more than 60 000 patients and explored the time-of-day distribution of AMI onset. 21 They found a consistently increased incidence of AMI in the dark-to-light transition period (6:00enoon), representing 32% of the entire meta-analysis population. Our data are in agreement with these results since 33% of the patients in our cohort had AMI onset in the early morning hours (6:00enoon). Interestingly, the distribution of our patients in the other time intervals (midnighte6:00 h: 17%; noone18:00 h: 29%; 18:00e midnight: 20%, figure 1) matches that of previous studies. For instance, the time-of-day distribution of patients with AMI enrolled in the GISSI 2 study (w11 500 patients) analysed by Gnecchi-Ruscone and coworkers 22 was almost identical to that of the present study (midnighte6:00 h: 17%; 6:00enoon: 33%; noone18:00 h: 29%; 18:00emidnight: 21%). In agreement with previous studies, 5 we found a higher incidence of hypertension . Boxplots represent curve estimated peak enzyme concentrations in each of the specified periods (midnighte6:00 h, 6:00enoon, noone18:00 h, 18:00emidnight).
in the 6:00enoon period. Conversely, we found no differences between groups in the percentage of patients on b blockers prior to the index event. Of note, it has been shown that treatment with b blockers abolishes the dark-to-light transition peak incidence of both AMI and sudden death. 14 23 Even though the ultimate mechanism is unknown, it has been speculated that this protective effect of b-receptor antagonist therapy could be secondary to the blockade of the morning surge in sympathetic activity. In this regard, we have previously reported that b blockers are strong cardioprotective agents. 24 The cardioprotective effect of b blockers seems to be restricted to their administration prior to coronary reperfusion. 25 In fact, treatment with b blockers before an AMI has been shown to result in smaller infarcts 26 and reduced myocardial injury during PCI. 27 These data suggest that these agents might reduce I/R injury and exert preconditioning-like properties. 8 28 In this study, b blockers and ACE inhibitors given before treatment showed a trend (albeit non-significant) for a negative correlation with infarct size. It is possible that a larger sample size would have resulted in a statistically significant difference. However, since the main objective of the study was to test whether timeof-day of STEMI onset has an impact on infarct size, all additional findings are speculative and should not be taken as final. In addition to the higher incidence of hypertension in the dark-to-light transition period, we found a trend towards a higher incidence of diabetes mellitus in the same time period. The impact of diabetes on the morning peak incidence of AMI has been debated. Some authors have reported that the early morning peak incidence of AMI is attenuated in patients with diabetes 29 while others have observed a similar peak incidence of AMI onset in the sleep-to-wake period. 5 In addition to diabetes, the glucose levels at the time of AMI onset have been associated with poor outcomes in patients with diabetes. 30 In our patients with diabetes the significantly higher incidence of AMI onset in the 6:00enoon period was not attenuated. The time from symptom onset to reperfusion was significantly different between the four periods with a longer time of ischaemia during the sleeping hours (midnighte6:00 h). This fact could be attributed to a delay in requesting medical assistance during the night and longer door-to-balloon time. 31 However, MI size was clearly larger during the morning period even with a shorter mean time of ischaemia. Finally, we found significant differences in AMI location according to time-of-day. Patients with AMI onset in the sleeping and sleep-to-wake transition periods had a higher incidence of anterior wall AMI. These results are in agreement with previous studies, 14 32 but the mechanism responsible for the variation in distribution of AMI location during the daytime hours is not clear.
As expected, clinical outcomes, Killip class and LVEF agreed with the infarct size and AMI wall location. Heart failure and left ventricular dysfunction were more frequent in patients with STEMI onset in the period 6:00enoon. The fact that LVEF was reduced to a similar extent in the 6:00enoon and midnighte6:00 h groups despite a significant difference in MI size could be due to the similar incidence of anterior wall AMI and potentially larger viable stunned myocardium in the latter group. In addition to time-of-day of STEMI onset, we found that anterior wall STEMI location was significantly associated with greater infarct size, as evaluated by CK and TnI peak levels. The fact that both CK and TnI curves had the same pattern gives robustness to these results, supporting the finding that STEMI onset in the dark-to-light transition period and anterior wall AMI location are truly associated with larger infarcts.
The multivariate analysis showed two unexpected associations. Normotensive status prior to AMI (compared with hypertension) and STEMI onset at weekends were significantly associated with higher peak concentrations of CK. Strikingly, the peak TnI concentration was not significantly increased between the levels of these two variables. Because of the absence of parallelism between CK and TnI results in these variables, we cannot rule out the possibility that these might be false positive associations and therefore cannot be taken as a conclusive result. Further studies are needed to evaluate these results to provide a clear answer.
The mechanisms by which the circadian rhythm imposes an oscillating natural resistance to I/R (or, by contrast, reduced cardioprotection) are not fully understood. Given the important role in the final infarct size (after I/R) of both circulating and myocardial-resident factors, it is plausible to argue that factors influencing both states might play a role. The daily fluctuations in the systemic concentration of cortisol, circulating epinephrine levels, coronary flow, blood viscosity, endogenous thrombolytic activity and platelet aggregability are well known. 3 33 34 The fact that the early morning clustering of onset of acute cardiovascular events concurs with the morning circadian increase in platelet aggregability, heart rate, blood pressure and other factors supports the role of systemic factors in the increased incidence of AMI in the sleep-to-wake transition period. In agreement with these data, we also found an increased incidence of AMI between 6:00 h and noon.
The first examination on the effect of time-of-day on infarct size was recently undertaken by Durgan et al. 10 They observed significant fluctuations in infarct size depending on the time-ofday at which I/R was performed in rodents; larger infarcts were seen when the coronary insult occurred at the normalised sleepto-wake transition. 10 In the present study we observed a similar pattern of infarct size according to the time of AMI onset (figures 2 and 3), suggesting that the fluctuating cardioprotection seen in rodents is also present in humans. In contrast with the preclinical findings of Durgan et al, 10 we found a consistent second peak in infarct size in the 18:00emidnight period (figures 2 and 3). This second peak was observed when infarct size was evaluated either by CK or TnI peak concentrations, providing robustness to the finding. The appearance of a second (albeit smaller) increase in infarct size suggests that the oscillations in infarct size observed are dictated to some extent by the circadian clock. 4 Interestingly, De Luca et al 32 studied the effect of time of reperfusion by primary PCI (rather than time of AMI onset) on MI size and observed that patients treated between 4:00 h and 8:00 h had a trend towards larger infarctions. Unfortunately, MI size was not normalised to important clinical variables such as time of ischaemia (which is significantly larger in this time window). In contrast to this study, the present proof-of-principle analysis was designed to determine whether time of symptom onset rather than time of treatment plays a role in the spontaneous tolerance to I/R (cardioprotection), and the time intervals were chosen according to numerous previous clinical papers analysing circadian oscillations and cardiovascular disease. 2 10 12e14 Final myocardial infarct size has been shown to be a strong predictor of cardiovascular events. 35 As a consequence, infarct size is increasingly used as a primary end point in clinical trials. 36 This study shows a time-dependent tolerance to I/R in humans. The correlation of MI size and time-of-day was independent of other important variables. If confirmed in prospective studies, these results might have significant clinical implications in the analysis of clinical trials of cardioprotection. In such studies, the variable 'time of AMI onset' has not been taken into account and might have represented a significant bias in the results arising from those trials.
Limitations
Even though the data collection was done prospectively, the study was performed post hoc as a hypothesis-generating study. The retrospective nature represents the main limitation of the present work. Myocardial infarct size was assessed by a surrogate markerdnamely, peak rise in enzyme levels. Even though it has been systematically reported that this methodology is accurate and correlates with other methods, a direct evaluation of MI size (ie, magnetic resonance imaging or myocardial scintigraphy) would have evaluated MI size more precisely. Finally, given that the incidence of arrhythmias and sudden death is known to be higher in the early morning hours, survivor bias in the group of patients with STEMI onset in the dark-to-light transition period cannot be completely ruled out.
CONCLUSIONS
In this retrospective study we evaluated the impact of time-ofday of AMI onset on infarct size. We found an independent circadian oscillating pattern in infarct size across the time-ofday. Patients with STEMI onset in the dark-to-light transition period (6:00enoon) had significantly larger myocardial infarctions than those with symptom onset at any other time of the day. Overall, there is an expected increase of about 20% in infarct size in patients with STEMI onset in the dark-to-light transition period compared with any other time of day.
The correlation between time of AMI onset and MI size was independent of important clinical variables, reinforcing the critical impact of time-of-day on human tolerance to I/R. In addition, and confirming previous studies, we found a significantly higher incidence of AMI and anterior wall AMI in the early morning hours. Anterior wall AMI was also found to be significantly associated with larger infarcts.
This study is the first to document circadian fluctuations in spontaneous cardioprotection in humans with STEMI. These results advocate the inclusion of 'time of AMI onset' as an important variable in clinical trials testing novel cardioprotective strategies with MI size as an end point. group.bmj.com on May 3, 2011 -Published by heart.bmj.com Downloaded from
